' AD=A118 040  AIR FORCE INST OF TECH WRIGHT-PATTERSON AFB OM S§CHOO==ETC F/G 13/] 1
E )

AN AUTOMATED TENPERATURE CONTROLLER FOR THE ADVANCED HALL EFFEC==ETC (L)
MAR 82 D J PAGE

UNCLASSIFIED AF!T/GEO/EE/B?N-

35!
-










AFIT/GEO/EE/82M~1

Unn 3 -
Justificatian,
e e
_Pistributiony

Avaiiability Codes
|Avail ani/or
Dist | Special

-

A

AN AUTOMATED TEMPERATURE CONTROLLER
FOR THE ADVANCED HALL EFFECT
EXPERIMENTAL DATA ACQUISITION SYSTEM

THESIS

AFIT/GEO/EE/82M-1 Daniel J. Page

2Lt USAF

——e e -
_Dh'l."i‘-f."o'."f"n "ATEMENT A

Approved {zr public relnces;
Distribution Ualimited
g —




AFIT/GEO/EE/82M-1

AN AUTOMATED TEMPERATURE CONTROLLER
FOR THE ADVANCED HALL EFFECT

FXPERIMENTAL DATA ACQUISITION SYSTEM

THES1S

Presented to the Faculty of the School of Engineering
of the Air Force Institute of Technology
in Partial Fulfillment of the
Requirements for the Degree of

Master of Science in Electrical Engineering

by
Daniel J. Page, B.S.E.E.
Second Lieutenant USAF
Graduate Electro Optics

March 1982

Approved for Public Release; Distribution Unlimited.

o c——— e




AFIT/GEO/EE/82M-1

AN AUTOMATED TEMPERATURE CONTROLLER
FOR THE ADVANCED HALL EFFECT DATA

ACQUISITION SYSTEM

THESIS

Presentgd to the Faculty of the School of Engineering
of the Air Force Institute of Technology
in Partial Fulfillment of the
Requirements for the Degree of

Master of Science in Electrical Engineering

by
Daniel J. Page, B.S.E.E.
Second Lieutenant USAF
Graduate Electro Optics

March 1982

Approved for public release; distribution unlimited.




e ——

Preface

Dr. Patrick M. Hemenger of the Air Force Wright Aeronautical
Laboratcries, Materials Laboratory (AFWAL/ML), Wright-Patterson Air
Force Base, Ohio, developed and tuilt a Hall effect experiment to
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menting this controller.
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of these men provided their skill and expertise during the implementation
of the hardware and software designs. Without their help, the controller
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I would also like to thank Mrs. Diane Katterheinrich who proofed
and typed the final copy of this report and to Lt. David A. Huss who

drafted most of the figures.

Finally and most importantly, I would like to thank my wife, Laura.
Without her love, understanding, and support this thesis would not have

been finished.
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Abstract

The Air Force Wright Aeronautical Laboratories, Materials Laboratory,
conducts experiments using the Hall effect to characterize the electrical
properties and impurity levels of silicon samples. An automated data
acquisition system controls the conduct of the experiment and reduces
all the necessary data.

The purpose of this study was the development of an automated
temperature controller to interface with the automated data acquisition
system and the experiment. The temperature controller is designed to
control the temperature of the silicon sample to within 0.005 degrees
Kelvin in the temperature range of 4.2 to 300 degrees Kelvin., The
control algorithm measures the thermal impulse response of the system
and uses this information to adjust and control the temperature.

An MC6809 microprocessor with 10K bytes of EPROM and 640 bytes of
RAM is used to implement the controller. The control algorithm and other
software was developed to enable the controller to control temperature.

A number of problems with the present controller design are identified

and recommendations for improvements to the design are made.
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I. Inmtroduction

The Air Force Wright Aeronautical Laboratories, Materials Laboratory
(AFWAL/ML), Wright-Patterson Air Force Base, Ohio, uses a Hall effect
experiment to analyze the dopant and impurity content of silicon samples.
They wanted to develop an automatic temperature controller in order to
complete the total automation of their experiment. This report describes

the requirements, design, and implementation of this controller.

Background

AFWAL/ML is tasked with determining the impurity concentrations in
various semiconductor samples used for optical detectors and for very
high speed integrated circuits. The concentrations and activation
energies of electrically active impurities are important quantities for
the complete characterization of these semiconductors. Measurements of
sample resistivity and Hall voltage versus temperature enable the exper-
imenter to determine the electrical transport properties of a semicon-
ductor sample. From these measurements, the net impurity concentrations
and carrier mobility can be determined. [Ref. 1]

The experiment was originally done manually. It took frem six to
eight hours to make all the necessary measurements on one sample. Using
the van der Pauw and the classical Hall bar methods, 600 to 1200 voltage
versus current measurements were made over a temperature range of 4.2 to
300 degrees Kelvin. While successful, this experiment was awkward to

perform.
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In 1979, Captain Edgar A. Verchot, Jr. automated the control of
the experiment and data acquisition using an LSI-l1 microcomputer sys-
tem. The Advanced Hall Effect Data Acquisition System (AHEEDAS), as it
is called, controls all aspects of the experiment except for the temper-
ature control. Temperature control remained manual at the user's re-
quest. Temperature control under AHEEDAS, as under the manual experi-
ment, was accomplished using an analog controller. Using AHEEDAS
lessened considerably the amount of time and effort needed to collect
data, however, much valuable technician time was lost in monitoring the

analog temperature controller.

Problem

To relieve the technicians from monitoring the experimental appa-
ratus, the user wanted to automate the temperature controller. One
requirement for this controller was that it be compatible with the
AHEEDAS system. In addition, the user wanted to have the capability to
use this same automatic temperature controller for future projects
requiring temperature control. Hence, temperature control could not be
implemented using the AHEEDAS computer system. The purpose of this
study, therefore, was to design and implement a stand-alone automatic
temperature controller that is compatible with the present experimental

get-up and can be used for future projects.

Constraints

During the development of AHEEDAS, a Hewlett-Packard Model 6130C
Digital Voitage Source was purchased by the user. In order to reduce
the cost of this project, it was requested that this source be used, if

possible, to drive the heating element. In addition to this constraint,
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the user also requested that the temperature controller have the capa-
bility of being used not only in an automatic mode under the control of
the LSI-11, but also in a manual mode under the control of the techni-

cian.

Scope of Thesis

A discussion of the experimental enviromment and AHEEDAS is contained
in Chapter I1. The requirements for the automatic temperature controller
based upon this discussion are also contained in this chapter. Chapter
I1I details the hardware design and implementation of the controller.

The control scheme and supporting software are the main subjects covered
in Chapter IV. Finally, recommendation for improvements to the auto-

matic temperature controller are discussed in Chapter V.




AHEEDAS

II. Requirements Definition

Before detailing the hardware dcsign and implementation, the re-
quirements on the temperature controller must be defined. This chapter
contains discussions on the AHEEDAS system, experimental environment,
temperature measurement, and temperature adjustment which define some
of these requirements. The remaining requirements are based upon the

user's desires and constraints and are also included in this chapter.

Before the requirements on the automatic temperature controller
were defined, the Hall experiment and the AHEEDAS system were examined.
As was stated in Chapter I, the purpose of this experiment is to measure
the impurity concentrations in semiconductor samples. To accomplish
this, two methods of data acquisition can be used in the Hall experiment:
the van der Pauw method and the classical Hall bar method. These two
methods differ only in the configuration of the sample contacts and the
equations used to derive the parameters of interest: resistivity, Hall
mobility, carrier concentration, and the Hall coefficient. Therefore,
only the van der Pauw method will be discussed here.

The van der Pauw technique uses a sample having only four electri-
cal contacts (Fig. 1). 1In each of the six configurations, the potential
difference between V1 and V2 is recorded. Additionally, these measure-
ments are repeated with the biasing voltage reversed. In sample con-

figurations (e) and (f), the voltage difference between VIl and V2 with a

-
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Figure 1. van der Pauw Sample Configurations [Ref. 1]

magnetic field applied perpendicularly to the sample is also measured.
Both polarities of the field must be used for these measurements. Froam
these data, the four parameters of interest are calculated. The

van der Pauw technique is then repeated at a full range of temperatures
from 4.2 to 300 degrees Kelvin yielding sample resistivity, Hall mobility,
carrier concentration, and the Hall coefficient as a funétion of temper-
ature. Further analysis of these data produces information on the
impurity concentration in the sample. [Ref. 1]

The AHEEDAS gystem controls all aspects of the Hall experiment with
the exception of temperature control. This system controls the switching
between each of the various sample configurations, measures and controls
the magnetic field strength, takes &ll necessary sample measurements,

and reduces the sample measurements to obtain the output parameters.




The AHEEDAS produces a list of sample resistivity, Hall mobility, carrier
concentration, and the Hall coefficient as a function of temperature.
This output is stored in data files on floppy disk storage along with
all of the raw data from the experiment. The output is also printed on
an interactive terminal as the experiment is done. [Ref. 1]

The only remaining gap in the AHEEDAS system is temperature control.
Because of this, the AHEEDAS system cannot conduct the Hall exper iment
unattended. An automated temperature controller that interacts with
both the AHEEDAS system and the Hall experiment, however, would allevi-

ate this problem.

Exper imental Environment

Before any serious work could be done on the automatic temperature
controller, the experimental environment had to be understood. To deter-
mine these requirements, three areas were examined: the physical ar-
rangement of the major components of the experiment, the method of data
acquisition, and the precision of the final results of the experiment.
These examinations formed the basis upon which further analysis of the
requirements could be based.

In examining the physical arrangement of the experimental apparatus,
six major components were identified. These included: the sample
holder, the cooling hardware, the electromagnet, the biasing sources and
instrumentation, the LSI-11 computar system, and the analog temperature
controller (Fig. 2).

The first of these components, the sample holder, essentially con-
sists of a copper bar upon which the silicon sample is placed. Attached

to this copper bar is a 50 ohm coil of copper wire which is used to heat
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the sample. Directly under the bar are located three thermometers: a
silicon diode, a carbon-glass resistor, and a platinum resistor. These
thermometers are used for temperature measurement and control. The
ailicon sample and the three thermometers are electrically connected to
coaxial leads which carry the signals to and from the sample holder.
The entire sample holder is covered with a copper cover.

The second of the experimental components is the cooling hardware.
This is an open loop cooling system consisting of a liquid helfum source,
a diffuser, and a triple-walled dewar. The lfquid helium flows through
the diffuser and is vaporized as it enters the dewar. The sample holder
is placed in this helium stream. The exhaust gas is then carried out
the top of the dewar. With this system, it is possible to obtain tem=-
peratures of 4.2 degrees Kelvin, the boiling point of helium, with little
or no effect from the room environment.

The third component of the experimental system is the electromagnet.
Both the van der Pauw and the Hall bar measurement techniques require
that large magnetic fields be placed perpendicular to the sample. For
this reason, the dewar is positioned between the poles of the electro-
magnet in such a way as to place the sample perpendicular to the magnetic
field.

The fourth major component of the system is the instrumentation and
the bilasing sources. Included in this component of the system is all
the metering needed to measure the voltage, current, and magnetic field
strength. Also included in this component are the sources needed to
place the proper bias on the gsilicon sample and the switching network
used to change to each of the varfous configurations of the van der Pauw

and Hall bar measurements. All of this equipment is compatible with a



digital interface. Of particular interest to the design of the temper-
ature coantroller is the equipment used to measure temperature. This
consists of a 10 microampere constant current source to bias the silicon
diode thermometer and a Hewlett-Packard Model 3455A Digital Voltmeter to
measure the voltage across this diode.

The fifth component of the system is the LSI-1l1 computer system.
This system controls the actual execution of the experiment and was
therefore very important in the design of the temperature controller.
This system consists of a Digital Equipment Corporation LSI-1l micro-
computer system with 28K words of memory, a floppy disk system, an
interactive terminal, and an acoustic coupler. The LSI-l11 interfaces
with some of the experimental equipment through DRV-l1 parallel inter-
face cards. The remaining equipment is interfaced through an IEEE
488-1975 standard bus. Contained in this computer system is the AHEEDAS
program and a calibration table for the silicon diode thermometer.

The final component of the experimental system was the analog
temperature controller. This controller, the Artronix Model 5301, was
connected to the sample heater and the two control thermometers, the
carbon-glass and platinum resistors. These connections completed a
closed-loop temperature control system between the Artronix controller
and the sample holder. The appropriate control thermometer was switch
selectable from the front of the analog controller. Using this analog
controller with the two control thermometers enabled temperature to be
controlled to within approximately 0.0l degrees Kelvin. The Artronix
analog controller supplied the sample heater with an output voltage of
0 to 50 volts with a maximum current of 1 ampere. This output corre-

sponded to a temperature range of 4.2 to approximately 300 degrees Kelvin.

e
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After examining the physical arrangement of the experimental appa-
ratus, the next area that needed to be studied was that of data acquisi-
tion. Of particular interest in this study was not how the data were
obtained from the silicon sample, but rather the steps involved in
reaching a temperature set point and the events that occurred during
data acquisition that affected temperature control.

Originally, a typical data acquisition cycle began with the LSI-11
displaying a prompt on the terminal. This prompt specified a temperature
set point and the corresponding voltage for the silicon diode and asked
the user to adjust the analog controller until this specified voltage is
reached. (The silicon diode voltage/temperature calibration table is
contained in the LSI-11 computer.) At this point, the user decided
wvhich control thermometer to use. Typically the carbon-glass resistor
is used at temperatures below 60 degrees Kelvin and the platinum resistor
is used above this point. After the appropriate choice of thermometer
was naﬁe, the user set the requested voltage by adjusting the analog
controller while monitoring the diode voltage on the digital voltmeter.
Once the user determined that the voltage was properly set, he then
signaled the LSI-11 by typing a 'GO’' command on the terminal. The
LSI-11 then began the actual data acquisition process.

During some points in the data acquisition process, the magnetic
field is raised to 1 kilogauss. The LSI-1l1 needs precise temperature
messurements. However, due to the high magnetoresistance of the silicon
diode, these temperature measurements can not be made while the field {s
on. (It is for this same reason that the silicon diode can not be used
for temperature control.) To alleviate this problem, the temperature {s

measured with the silicon diode just before the field is turned on with

10
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the assumption that the temperature is controlled adequately during the
on-field times. After all data are collected, the magnetic field is
returned to zero and the LSI-11 displays the prompt for the next temper-
ature set point.

Once the data acquisition process was understood, the next area to
be invesgtigated was the precision of the final results of the experiment.
In this case, the main concern was how precise the temperature had to be
maintained in order to have the desired precision in the results.

Carrier concentration is the most sensitive quantity to variations
in temperature. From solid state physics theory, the number of holes
per unit volume in a p-type semiconductor is given by:

3
2eat kT |7/,

EXP ( -E/kT) (1
h2

p-

p = hole concentration (#/cubic meter)

lh- reduced mass of a hole in silicon
= 5.37E-31 kilograms
k = Boltzmann's constant

= 8.62E-5 electron volts per degree Kelvin
T = temperature (degrees Kelvin)

h = Planck's constant
= 4,14E-15 electron volt-seconds

E = ionization energy of the dopant (electron volts) [Ref. 2]

From equation (1) it was determined that the relative error in temper-

ature is given by:

de 1 dp (2)
T 3422 3
kT
11



Since the effect of temperature variation is inversely proportional to
the temperature, temperature control is more critical at the lower
temperatures.

A typical sample used in this experiment is boron-doped silicon
which has an ionization energy of 0.045 electron volts. Measurements
are usually taken down to a temperature of 18 degrees Kelvin for this
substance, due to the increasing resistivity of the sample with de-
creasing temperature. The user wanted to be able to measure the carrier
concentration with a relative error on the order of one percent. Upon
subsgtitution these values into equation (2), it was found that the
temperature had to be controlled to within less than 0.0l degrees Kelvin.
Similar values for temperature deviation were obtained for other dopant
materials. Based upon this information, the required temperature devi-
ation was assumed to be 0.005 degrees Kelvin for all further calcula-

tions.

Temperature Measurement

Once an understanding of the exper imental environment had been
gained, a closer look at temperature measurement was needed. In this
examination, three questions were answered: Why were three thermometers
needed, how did these three thermometers mecasure temperature, and what
requirements would be implied if these three thermometers were used in
the automatic temperature controller?

In the discussion on the experimental environment, it was shown
that three thermometers are located in the sample holder: a temperature
measurement thermometer (the silicon diode) and two control thermometers
(the carbon-glass and platinum resistors). It was also mentioned that

the silicon diode has a high magnetoresistance and therefore can not be

12
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used for temperature control or measurement while the magnetic field is
on. Both the carbon-glass and the platinum thermometers have a negli-
gible magnetoresistance making them idcal for temperature control. These
thermometers, however, lack the repeatability which the silicon diode
possesses. Neither of them, therefore, were adequate for accurate
temperature measurement. For this reason, separate thermometers are
needed for temperature measurement and control.

The justification for using two control thermometers was shown by
examining the plots of resistance versus temperature for the two ther-
mometers and recalling that temperature control was more critical at
lower temperatures (Figs. 3 & 4). Clearly, the carbon-glass resistor
met this criteria however, it does not have the sensitivity to operate
above approximately 60 degrees Kelvin. Therefore, a second control
thermometer was needed — the platinum resistor. The combination of
these two thermometers enabled the analog controller to monitor varia-
tions in temperature over the entire temperature range.

To answer the question of how the three thermometers measured
temperature, it was necessary to examine the two control thermometers
separately from the silicon diode thermometer. The control thermometers,
as stated in the previous section, interfaced only with the analog con-
troller. This controller provided a constant voltage to these two ther-
mometers and measured the current flowing through them. In this way,
the controller could measure the resistance of the two thermometers, and
thus the temperature. The silicon diode, on the other hand, is forward
biased with a 10 microampere constant current. This current yields a

voltage across the diode which varies with temperature (Fig. 5).

13
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Based upon the rationale for using three thermometers and the
knowledge of how these thermometers measured temperature, it was possible
to place some additional requirements on the automatic témperature con~
troller. Namely, the functional blocks required to interface the con-
troller with the thermometers were defined. In addition, the degree of
precision to which the controller has to measure the input signals from
the three thermometers was determined.

In order to have a completely automated temperature controller
(one in which the temperature could be changed accurately from one

temperature level to another), the silicon diode has to be monitored by

15
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the automated controller. This is because the silicon diode is the

only calibrated measure of the actual temperature of the sample. There-
fore, this controller has to bé able to mea;ure the voltage signal from
the silicon diode.

The automated controller also has to interact with the two control
thermometers. In addition, both of these therﬁometers need a biasing
source, since the original biasing source, the analog controller, was
to be replaced by the automated controller. Two schemes were possible
for biasing the thermometers and measuring the resulting signals:
placing a constant voltage across the thermometers and measuring the
resulting currents or placing a constant current through the thermometers
and measuring the resulting voltages. The actual scheme used was deter-
mined during the hardware design.

The requirements on the signal measurement sensitivity for the
automatic temperature controller were determined from examining the
plots of voltage versus temperature for the silicon diode and resistance
versus temperature for the two control thermometers. Using a tempera-
ture deviation of 0.005 degrees Kelvin, it was found that the silicon
diode voltage has to be measured to within one part in 7;000 at 4.2
degrees Kelvin and to within one part in 30,000 at 300 degrees Kelvin.
The measurement sensitivity for the two control thermometers was
evaluated at 60 degrees Kelvin, the changeover point between the two
thermometers. This point was also the point of least sensitivity for
these two thermometers. Again, using a temperature deviation of 0.005
degrees Kelvin, the required sensitivity was found to be one part in
18,000 for the carbon-glass resistor and one part in 7,000 for the

platinum resistor. The signal measurement equipment of the automatic

16
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temperature controller is required, therefore, to measure the current

and voltage signals to within these tolerances.

Temperature Adjustment

After examining the thermometers and the temperature measurement
scheme, a clearer understanding of the temperature measurement process
was needed. Temperature adjustment was originally accomplished by the
user and the Artronix analog temperature controller. The user, while
monitoring the silicon diode thermometer voltage, made adjustments to
the analog controller until the desired voltage was obtained. The
analog controller, in turn, controlled the power being sent to the
heater coil in the sample holder. Once the proper diode voltage was
obtained, the analog controller could maintain the temperature by
monitoring the input from the selected control thermometer and making
the appropriate adjustments to the heater coil power. The automated
temperature controller has to perform all of these tasks: monitoring
the silicon diode, adjusting the power to the heater coil, selecting
and monitoring the proper control thermometer, and changing or main-
taining a temperature.

Some special quirks of the system had to be considered in performing
these tasks. It was noted when changing from one temperature to another
using the analog controller that the system reacted quite differently at
different temperature ranges. At temperatures below approximately 40
degrees Kelvin, the thermometers reacted almost instantaniously to
changes in the heater coil power. However, at temperatures above ap-
proximately 150 degrees Kelvin, the thermometers took from one to three

seconds to 'see' heater coil power changes. This was accounted for by

17
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the change in the thermalconductivity of the copper sample holder
[Ref. 6]. The automatic temperature controller has to account for this

change in thermalconductivity in its control of the temperature.

User Imposed Requirements

Besides the requirements imposed on the automatic temperature con-
troller by the experimental environment and the temperature measurement
and adjustment techniques, certain user requirements were also imposed.
The user wanted the automatic temperature controller: (1) to be com-
patible with the existing experimental equipment, (2) to have an op-
tional manual mode of operation not under the control of the LSI-11
computer system, and (3) to be usable on similar projects needing
temperature control that may occur in the future.

The first of these requirements, compatibility with the existing
experimental equipment, dictates that the automatic temperature con-

troller be able to communicate with the LSI-ll computer system, the

thermometers, and the heater coil in the sample holder. In anticipation

of an automatic temperature controller, one DRV-11 parallel interface
card was reserved on the LSI-ll for use by this controller. It was,
therefore, required that the automatic temperature controller be able
to interface with the DRV~1l in order to establish a communication link
with the LSI-11.

The thermometer interfacing requirements were defined in the pre-
vious sections. However, compatibility with the existing system did
impose an additional requirement. The automatic temperature controller
could not interfere with the data acquisition process of the LSI-l1

computer.
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The automatic temperature controller is also required to interface
with the heater coil. Again, in anticipation of the automatic tempera-
ture controller, a Hewlett-Packard Model 6130C Digital Voltage Source
was procurred by the Materials Laboratory. This voltage source, like
the Artronix analog controller, can supply the heater coil with a 0 to
50 volt output at 1 ampere. However, this voltage source has a digital
interface compatible with microcircuit logic levels. Therefore, the
automatic temperature controller was required to interface with the HP
6130C,

The second requirement was to have an optional manual mode of
operation not under the control of the LSI-11 computer system. This
required that the automatic temperature controller be able to communi-
cate with the user independent of the LSI-1l1. To meet this requirement,
it was established that the automatic temperature controller would need
an alphanumeric display so that the controller could prompt the user and
so that the user could monitor the status of the controller. In addi-
tion, the controller needed an input medium, a keypad, so that the user
could provide the information to the controller that would normally be
provided by the LSI-11.

The third user imposed requirement was for the automatic tempera-
ture controller to be usable on future projects requiring temperature
control. This requirement established that the automatic temperature
controller would need to be easily modifiable. Therefore, it was de-

cided that the controller would be microprocessor based.

Summary

This chapter defined the requirements on the automatic temperature

controller. Based upon the discussions on the experimental environment,
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on the temperature measurement and adjustment techniques, and on the
user imposed requirements, it was established that the automatic temper-
ature controller would be a microprocessor based system. It would, at

a minimum, have to interface with the user, the LSI-11 computer system,
all three of the thermometers, and the heater coil. Based upon these
requirements, it was possible to begin the design of the hardware and

of the software needed to make the automatic temperature controller a

reality. The next two chapters describe this design.
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III. Hardware Design and Implementation

Oace the requirements of the automatic temperature controller were
defined, it was possible to begin the hardware design and implementation.
This chapter describes the design of each major component of the hard-
ware: the microprocessor system, the thermometer interface, the heater
interface, the LSI-1! computer interface, the display interface, and the
switch and keypad interface. Each of the design decisions made were

related to the requirements defined in the previous chapter.

Hardware Design Overview

Before designing the hardware for the automatic temperature con-
troller, a philosophy for the design was established. Many important
considerations needed to be addressed. However, there was no basis in
the requirements to cover these areas. Two questions, in particular,
were raised at this time: should the controller be built from micro-
computer boards available on the market or should it be built from
scratch, and what would be the time required for the microprocessor to
perform all the operations required of it.

The question of building the controller from microcomputer boards
or from scratch generated many thoughts. While the cost of the pre-
built computer boards was higher than what a system built from scratch
would cost, the pre-built boards would eliminate the time required for
board layout, bus timing considerations, and some of the software

writing. One of the main disadvantages, however, was that the electronic
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bardware needed to build a temperature controller came on boards that
also contained hardware not needed. Therefore, a significant part of
the final cost of the temperature controller would be for electronics
that would never be used. The scratch system, on the other hand, gave
the freedom to configure the controller with only the electronics that
wvere absolutely needed and with a choice of any electronic chips avail-
able. Since the automatic temperature controller would be, at this time,
an untried design, there was a possibility that the hardware acquired
would not do the job. With this in mind, it was hard to justify the
expense of the pre-built computer boards. Therefore, it was decided
that the hardware for the automatic temperature controller would be
built from scratch.

The second question asked how much time the microprocessor could
spend performing all its required operations. This question, however,
was impossible to answer at this time, since the required operations,
the microprocessor, the clocking rate, and other variables were not yet
defined. But this was a question that needed to be addressed. The
answer to this question would determine whether housckeeping chores such
as display updating and switch contact debouncing would be done in soft-
wvare or in hardware. It would also determine how fast the microprocessor
and memory had to be. Since there was no reasonable answer to this
question, it was decided that all housekeeping operations that could
easily be implemented in hardware would not be implemented in the soft-~
wvare. In this way, the microprocessor would have some extra time, {f
needed, to perform its primary function -- control temperature. A de-
cision was also made about the speed of the microprocessor and memory.

The slower speed chips were to be used where a choice was available.
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However, the design was also to be compatible with the faster devices.
In this way, substitutions could quickly be made if during testing it

wvas determined that the faster devices vere required.

Microprocessor System

After determining the design philosophy, the microprocessor system
was designed. This system involved three components: the micro-
processor, the memory, and the interfaces. The first step in the design
of the microprocessor system was chosing a microprocessor. Due to a
greater familiarity with Motorola products, it was decided that a
Motorola microprocessor would be used. Of the microprocessor and micro-
computer chips produced by Motorola, the MC6809 microprocessor seemed
to be best suited for use on the automatic temperature controller.

This microprocessor has many features that made it look attractive for
this design: an explicit multiply instruction, two stack pointers, and
two index pointers. In addition, the MC6809 has some 16-bit capability
that enables it to add, subtract, load, and store a 16-bit operand.
Another feature of the MC6809 is its enhanced indexed addressing capa-
bility. This enables this microprocessor to do indexed and indirect
addressing from all of the pointer registers: the stack pointers, the
index pointers, and the program counter. While all of these features
were appreciated during the software development, the MC6809 also has
features that were important during the hardware design. The MC6809
has an on-chip clock which produces all the clocking signals needed for
the microprocessor and the control bus. Therefore, the only external
clocking hardware needed was a crystal to control the speed of the on-

chip clock. An additional hardware feature of the MC6809 micraprocessor
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is the three interrupt lines: the non-maskable interrupt, the normal
interrupt, and the fast interrupt line. The uses of each of these lines
will be described later in this report. [Ref. 7]

The next component of the microprocessor system is the memory.
Two forms of memory were used: Read Only Memory (ROM) for the program
to reside in, and Random Access Memory (RAM) for the data to reside in.
Since it was not known how much memory would be needed, an arbitrary
choice of 1K bytes of RAM and 4K bytes of ROM was made. During the
sof tware development, however, it was discovered that the 4K bytes of
ROM were too small to hold the controller program. In order to allow
enough memory for the program, 10K bytes of ROM was required. Unfor-
tunately, the hardware was already being built during the software
development and the number of sockets available was limited. Therefore,
it was necessary to use some of the RAM sockets to increase the size of
ROM. The final amount of memory used was !10K bytes of ROM and 640 bytes
of RAM. Once the amount of memory to be used was known, the specific
chips needed to implement this memory requirement were determined. The
RAM chip selected was the Motorola MCM6810 RAM. This was a common de-
vice and relatively cheap. The MCM6810 contains 128 bytes and, there-
fore, 5 of these devices were needed to implement the requirement of
640 bytes of RAM. Since it was anticipated that many changes would
have to be made to the controller program, an Erasable Programmable
ROM (EPROM) was selected for the program to reside in. The chip selected
was the MCM2716. Again, this was a common chip and could be obtained
from many different manufacturers. Each 2716 contains 2K bytes. There-
fore, the total number of devices, both RAM and EPROM chips, needed was

ten. [Ref. 7]
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Once the microprocessor and memory chips were establigshed, the
remaining component of the microprocessor system, the interfaces, had
to be established. To make both the hardware and the software designs
simpler, all the communication between the microprocessor system and
the outside world was to be done through Peripheral Interface Adapters
(PIA). A standard Motorola compatible PIA is the MC6821. This device
features two 8-bit parallel ports and four control lines on the periph-
eral side (Fig. 6). A detailed description of the MC6821 PIA and its
operation is contained in Reference 8.

Some atypical design decisions were wade in regard to the addressing
of the PIA. As shown in Figure 7, two register select lines (RS]1 and
RSO) are needed to address the six internal registers of the MC6821.
Typically, these lines are connected to the two least significant address
lines of the microprocessor (Al and AO respactively). These connections
place control register A between the A and B peripheral data registers.
In order to make full use of the 16-bit load and store capability of the
MC6809 microprocessor, however, it was desirable to locate the two
peripheral data registers in adjacent memory locations. This was done
by specifying that RS1l should be connected to the least significant
address line (A0) and that RSO should be connected to one of the other
address lines. A further discussion of the PIA addressing is contained

in the summary of the hardware design.

Thermometer Interface

Once the microprocessor system was established, each of the inter-
faces had to be designed. The first of these interfaces is the ther-
mometer interface. In order to meet the requirements stated in Chapter

I1, this interface has to enable the microprocessor system to measure
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RS1 RSO Register Selected

0 v Data bircection Kezlster A (UDURA)
(bit 2 of CRA = 0)

Peripherai Data degister A (PURA)
(bit 2 of CRA = 1)

0 1 Control Register A (CRA)

1 0 Data Uircction Repister B (DDRB)
(bit 2 of CRB = 0)

Peripheral Data Register B (PDR?)
(bit 2 of CkB = 1)

1 1 Control Register B (CRA)

Figure 7. MC6821 Peripherai Interface Adapter (PIA) Register selection
(Ref. 8]
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the signals from all three of the thermometers present in the sample
holder. Before this interface could be designed, however, one important
design decision had to be made.
. As was stated in the last chapter, two different schemes could be
used for biasing the control thermometers (the carbon-glass and platinum
resistors) and measuring the resulting signals: applying a constant
voltage and measuring the resulting current, or applying a constant
current and measuring the resulting voltage. A decision was made at
this point as to which of these two schemes to use. In examining the
data sheet on the carbon-glass thermometer, it was found that the maxi-
mum recommended operating voltage was only 10 millivolecs. 1In addition,
the resistance of this thermometer changes by two orders of magritude
over its usable range (Fig. 3). This presented problems with the con-
stant current biasing scheme. Namely, designing a constant current
source that could remain constant with such a large variation in load
resistance. Similar probleﬁs were also evident with the platinum re-
sistor. The use of a constant voltage source scheme, however, presented
very few problems. Therefore, it was decided that the control thermom-
eters were to pe biased with a 10 millivolt constant voltage source
(Fig. 8) and the resulting current was to be measured.

The next obvious step was to devise a method of measuring the
current through each of the control thermometers. This problem was
solved by examining a clagsical inverting amplifier circuit (Fig. 9).

The equation for the output voltage is given by:

Vo = - RE/RL * Vi (3)
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By considering the input voltage to be the constant voltage source and
the input resistance to be the resistance of the control thermometer,

it was evident that the output.voltage was equal to the current through
the control thermometer multiplied by the feedback resistance. The
voltage could then be converted to a digital signal by using a standard
analog-to-digital (A/D) converter. By modifying the inverting amplifier
circuit as shown in Figure 10, the amplifier gain can be programmed and
the input switched from one control thermometer to another.

The only remaining thermometer to be interfgced to the microproc-
essor system was the silicon diode. As stated earlier, this thermometer
produced a voltage signal and therefore could be connected directly to
an A/D converter. However, the user was concerned about possible loading
effects of the automatic temperature controller on the measurement of
the silicon diode voltage by the AHEEDAS system. Therefore, it was de-
cided that the input from the silicon diode would be buffered by a
voltage follower amplifier stage. In addition, to insure that the auto-
matic temperature controller did not affect voltage measurement by the
AHEEDAS, a Coto-coil Model U-20146 Relay was also placed on the input to
the automatic temperature controller. This relay had an off-state im-
pedance of 100 gigaotms [Ref. 9] and would only be closeA during times
when the automatic temperature controller needed to monitor the silicon
diode voltage (while changing temperature). In addition to isolating
the silicon diode from the automatic temperature controller, it was
also desirable to have the same programmable gain capability to measure
the diode voltage as was already established for the control thermom-
eters. This was accomplished by feeding the output of the voltage

follower through an analog switch and an input resistor and into the
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Figure 10, Modified Inverting Amplifier

programmable gain amplifier of the current sensing stage. Therefore,
“he output signal from each of the thermometers could be monitored at
the output of the programmable gain amplifier by closing the appropriate

switches.

After determining how the signals from each of the thermometers
could be detected, it was time to generalize the detection scheme so
that the automatic, temperature controller could be used on future proj-
ects. Since it was possible for a future project to require more than
three thermometers and since it was also possible that these thermometers
could produce either voltage or current signals, the design of the
automatic temperature controller was modified to account for these

possibilities. An arbitrary choice of a maximum of four thermometers
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(a power of two) was made. By adding relays to both the voltage signal
inputs and the current signal inputs, the original design could handle
the additional thermometer.

One further modif ication was made to the original design. It was
decided that there may be times when the input to the A/D converter
should be zeroed. Therefore, one additional stage was added to the
design. This stage contained a unity gain inverting amplifier and a
switch. With the switch closed, the amplifier simply inverted the in-
verted signal from the programmable gain stage. With the switch open,
the output of the last stage was zeroed. The final design of the de-
tection section of the thermometer interface is shown in Figure 11l.

The components‘used to build the detection section of the ther-
mometer interface were very important to the success of the automatic
temperature controller. Since any errors in detection of the thermom-
eter signals would undoubtedly propagate, the parts chosen had to
minimize these errors. Because of the small signals that had to be
detected, many of the problems associated with operational amplifier
design became extremely important: input bias current, input impedance,
and gain. The device that seemed to have the best speci{ications was
the LF355A JFET-input operational amplifier. This device has an input
impedance of 100 megaohms and an input bias current of less than 50
picoamperes [Ref. 10]. In addition to the operational amplifier chosen,
all potentiometers in the detection circuit were specified to be 15-
turn potentiometers in order that each could be precisely set.

Once all the design decisions were made about the detection cir-
cuitry, the remaining component of the thermometer interface, the A/D

converter, had to be specified. As stated in Chapter II, the worst
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case for thermometer input signal detection was one part in 30,000.
Therefore, a 16-bit A/D converter was needed in order to give the re-
quired precision. Very few 16-bit A/D converters are available, how-
ever. One A/D converter, the Intersil ICL7104-16, appeared to be
appropriate for use in the thermometer interface. The ICL7104-16, one
of the fastest 16-bit converters available, could do a conversion in
587 milliseconds [Ref. 11]. This seemed like it would be fast enough
to give an accurate sample of the thermometer signal, yet slow enough
to allow the microprocessor to do its processing before the next sample
became available. The ICL7104-16 did require some external circuitry,
however. 1In particular, an external voltage reference was required.
The reference voltage circuit is shown in Figure 12.

To determine what the A/D reference voltage should be, the input
signal strengths from each of the thermometers were examined. It was
determined that the platinum thermometer would produce the maximum
signal that the A/D converter would have to handle. The current passing
through this thermometer and into the detection section of the ther-
mometer interface produced a maximum voltage of 7.14 volts at the input
of the A/D. Therefore, it was determined that a full scale reading of
8 volts on the A/D converter would be adequate for the automatic tem-
perature controller. This corresponded to a reference voltage of 4
volts.

After the A/D converter was specified, the only remaining task to
interface the thermometers to the microprocessor system was to make the
appropriate connections to the PIA. In this case two PIAs were re-
quired: one to handle the 16 data lines of the A/D converter, and

another to handle the lines to the analog switches, relays, and A/D
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control and status pins. These connections are explained in more detail

in Appendix C.

Heater Coil Interface

After the thermometer interface design was completed, the remaining
interface to the sample holder, the heater coil interface, had to be
designed. The heater coil was required to be driven by the HP 6130C
Digital Voltage Source. Therefore, this voltage source had to be inter-
faced to the microprocessor system. Before this interface could be
completed, however, an examination of the HP 6130C was needed.

The HP 6130C Digital Voltage Source is a complete digital-to-

analog link between a computer and any application requiring a fast,
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accurate source of dc power. The output voltage is controlled by 17
digital data inputs applied to the HP 6130C vias a ribbon connector on
the rear panel. In addition, overcurrent protection is provided by a
current latch circuit which can be externally programmed to one of
eight values between 2 percent and 100 percent of the units rated out-
put of 1 ampere (Fig. 13). The current limit and voltage data is
latched into the HP 6130C by a gating signal provided by the computer.
The HP 6130C also provides signals back to the computer. The status
outputs of the HP 6130C inform the computer of overload conditions,
current limit latch status, and busy states. [Ref. 12]

In order to complete the heater coil interface, each of the lines
mentioned in the prévious paragraph had to be connected to the micro-
processor system. This required the use of 2 PIAs: one to handle 16
of the voltage data lines, and one side of another PIA to handle the
remaining voltage data line, the current limit data lines, and the
status lines from the HP 6130C (Fig. 14). The gating signal was pro-
vided by using an SN74LS123 monostable in conjunction with one of the
control lines from the PIAs. These connections completed the heater
coil interface design and, therefore, all the connections betwecen the

sample holder and the automatic temperature controller.

1LSI-11 Computer Interface

The LSI-11 computer interface was the only remaining interface to
the experimental apparatus. But, before this interface could be de-
signed, the informatjon that would be exchanged between the LSI-11
computer and the automatic temperature controller had to be determined.

Since it was known that the LSI-1l1 contained the voltage/temperature
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Output Line
Logic Levels
L26 L23 L22 Current Linit (afllfanns)
1 1 1 20
1 1 0 50
1 0 1 70
1 0 0 100
0 1 1 200
0 1 0 500
0 0 1 700
0 0 0 1000

Figure 13. HP 6130C Current Limit Data Format

couversion table for the silicon diode thermometer, the LSI-11 could
transmit either the desired temperature value or the corresponding
voltage to the automatic temperature controller. Sending the voltage
value, however, would eliminate the need for the temperature controller
to also have a voltage/temperature conversion table. Therefore, data
only needed to be transmitted from the LSI-l1 to the automatic temper-
ature controller. The only information the LSI-l1]1 required of the
automatic temperature controller was when the temperaturé had been set
to the desired value. This could be accomplished by using a single
line.

After the signal interface was defined, the next task in the design
of the computer interface was to identify how the LSI-11 communicated
to the outside world. This was done through a DRV-11 parallel inter-
face card [Ref. 13]. The DRV-1l is very similar to the MC6821 PIA and

therefore the connections between these two devices were fairly straight-~
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forward. The LSI-11 could transmit data 8-bits or 16-bits at a time.
It was decided to send the data 16-bits at a time, thereby increasing
the speed of the data transfer. Two control lines on the PIA directly
interfaced with two of the control lines on the DRV-1l. Therefore,
the handshaking signals needed to control the data exchange could
easily be established. The remaining signal, the temperature set sig-
nal, was to be generated by the automatic temperature controller by
using one of the two remaining control lines of the PIA. This line
could also be connected directly to the DRV-11.

These connections between the MC6821 PIA and the DRV-1l1 completed
the design of the interface between the microprocessor system and the

LSI~11 computer.

Display Interface

Once the interfaces to the existing experimental equipment and the
LSI-11 computer were designed, the interfaces to the input and output
devices of the automatic temperature controller had to be designed.
The first of these devices was the display. As was stated in the re-
quirements, the display needed to be an alphanumeric display so that
the user could be prompted for input and monitor the execution of the
controller program. It was decided that a 16-digit display would be
adequate for this purpose. To meet this requirement, the Hewlett-
Packard HDSP-6508 16-segment Alphanumeric LED Display was chosen. The
HDSP-6508 is a low power device with common cathode digit connections
and common anode segment connections. In addition, the HDSP-6508 is
an eight digit device [Ref. 14]. Therefore, two of these devices were

needed to form a sixteen digit display. It was clear that both display
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drivers and data multiplexors would be needed in order to integrate the
HDSP-6508 into the design of the temperature controller. Before work
was begun on designing this circuitry, an overall look at the display
interface was required.

With the design philosophy in mind, it was decided that the
character decoding should be done in hardware rather than in software.
This would relieve quite a bit of the work burden placed on the micro-
processor. Since the simplest way to implement the character decoding
in hardware was to use a ROM look-up table, a character set could be
devised that would further reduce the work burden on the microprocessor.
By assigning the hex codes 00 through OF to the hex digits O through F,
hexadecimal numeric data could be sent directly, digit-by-digit, to the
display port. The complete character set is shown in Figure 15.

Once it was determined how the characters would be decoded, the
next step was to determine how the microprocessor would transmit char-
acters to the display. One way was to u<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>